A change in the relative abundance of single-walled carbon nanotubes, due to the presence of both nitrogen and boron during synthesis, has been identified through Raman and absorption spectroscopy. Raman spectroscopy shows that for two specific branches boron mediates the growth of smaller-diameter zigzag or near-zigzag nanotubes. We combine our experimental results with an improved Kataura model to identify two of the preferentially grown species as ͑16,0͒ and ͑14,1͒.
I. INTRODUCTION
Several single-walled carbon-nanotube-͑SWNT-͒based structures have recently been reported that demonstrate the tuning of the electronic properties of nanotubes through intermolecular charge transfer, brought about by the insertion of metallocenes 1 and endohedral metallofullerenes 2 or the intercalation of inorganic molecules. 3 The introduction of heteroatoms such as boron or nitrogen into the nanotube lattice, either as part of the synthesis process, 4, 5 or in a postproduction substitution reaction, 6 is also predicted to modify the electronic properties of carbon nanotubes, 7 and offers the potential combination of doping the nanotubes with increased oxidation resistance. 8 However, there are also predicted to be strong physical effects due to the presence of these dopants during synthesis. 5, 9 Here, we present a detailed study of the effects on the diameter distribution, relative populations, and electronic band gaps of semiconducting SWNTs produced by a modified arc-discharge process, where the anode is doped with various concentrations of both boron and nitrogen and show that boron has the dominant effect on the growth processes during synthesis.
Gai et al. reported the morphological effects of boron doping Co:Ni graphite targets used in the laser ablation synthesis of nanotubes. 5 Targets with low boron concentrations ͑Ͻ3.5 at. % ͒ produced SWNTs without any detectable boron atoms incorporated. Above this level the presence of boron significantly altered the nanostructure of the sample material, resulting initially in the production of defective graphitic layers with a small fraction of double-walled nanotubes ͑DWNTs͒. Although no incorporated boron was found ͓above the electron energy loss ͑EEL͒ spectra detection limit of 0.05-0.1 at. %͔ its presence in the target clearly had an appreciable effect on the growth mechanisms during synthesis. Glerup et al. recently demonstrated that it is possible to grow nitrogen-doped SWNTs using composite anodes in a modified arc-discharge process. 4 The incorporation of sp 2 -type bonded nitrogen was nominally measured as 1 at. % as determined by EEL spectra.
Studies to date have concentrated on the structural changes produced by boron or nitrogen inclusion during synthesis. Here we focus on the low-doping regime ͑ϳ1 at. % and less͒ where SWNT production still dominates. At low doping the fundamental band structure is expected to be unchanged relative to the all-carbon model.
II. EXPERIMENT
Experiments were carried out to synthesize single-walled CB x N y and CN x nanotubes and compare these to undoped carbon nanotubes ͑sample 1͒. The direct current during production was 95-100 A, which is similar to standard arcdischarge experiments although the voltage was slightly lower than the optimized conditions used for the synthesis of pure SWNTs. Graphite ͑1-2 m, Aldrich͒ and Ni-Y catalyst ͑Ni, 99.999%, ϳ100 mesh, Aldrich; Y, 99.9%, ϳ40 mesh, Aldrich; Niv Y v 0.6 wt %͒ was mixed with either boron nitride powder ͑99.8%, Matthey Reagents͒ or melamine ͑C 3 N 6 H 6 , 99%, Aldrich͒ and packed into the drillings of the anode rods. Boron nitride corresponding to 1:1 and 4 : 4 at. % boron and nitrogen was used to produce the CB x N y materials ͑denoted samples 2 and 3͒. A nitrogen content corresponding to 1 and 4 at. % ͑denoted samples 4 and 5͒ was used for the CN x synthesis. These sample preparation conditions are summarized in Table I . The nitrogen content in sample 3 was measured to be around 1 at. % which is close to the EELS detection limit. 4 No boron was detected in either sample 2 or 3 within the detection limit of ϳ0.1 at. %. Detailed studies of the synthesis of these samples have already been reported. 4 High-resolution transmission electron microscopy ͑HRTEM͒ was performed using a JEOL JEM-4000EX LaB 6 microscope at room temperature and at an accelerating voltage of 100 kV. Samples were prepared by ultrasonicating a disperson of ϳ0.005 mg of the sample material in 2 ml of MeOH for 15 min. This dispersion was then deposited onto copper TEM grids coated with a carbon film ͑Agar͒.
Raman spectroscopy of the doped and undoped samples was performed in a backscattering geometry at 300 K using the 488 and 515 nm excitations of an Ar + laser and a JobinYvon T64000 spectrometer with a liquid-nitrogen-cooled charge-coupled device. Each sample was prepared by ultrasonicating ϳ0.005 mg of the SWNT material in ϳ3 ml of MeOH for 40 min before placing a drop of the MeOH-SWNT suspension onto a Si substrate. This was then dried in an oven at 70°C for 1 h.
Samples for optical absorption were prepared by depositing thin films of carbon nanotubes onto ZnSe substrates. This was achieved by ultrasonicating the SWNT material in MeOH for 30-45 min, and spraying the resulting solution onto the substrate using a modified Badger 200NH airbrush. To aid the evaporation of the MeOH the sample was heated to 150°C during airbrushing using a Corning P-35 hotplate. Absorption spectra were obtained using a Perkin Elmer Lambda 9 Spectrophotometer.
III. RESULTS
HRTEM images of doped samples 2 and 3 are given in Fig. 1 which show nanotube diameters of 1.1-1.5 nm, which is typical for arc-discharge production. Despite the doping the tubular structure remains intact, although an increase in amorphous and partially graphitized material was observed. The TEM images do not show any defective structures such as double-walled carbon nanotubes or bamboolike nanostructures, associated previously with high boron doping. 5, 6 Raman spectra for the undoped, nitrogen-͑N-͒, and boron-and nitrogen-͑BN-͒doped samples are shown in Fig.  2 , for the region of the radial breathing mode ͑RBM͒ and are representative of the results from ϳ10 different locations. Figure 2 confirms the presence of nanotubes with diameters between 1.15 and 1.58 nm, as calculated by fitting Lorentzian peaks to the individual RBM modes and using the empirically deduced relationship between diameter and Raman shift, which includes the effects of van der Waals interactions between nanotubes. 10 These fitting values are summarized in Table II along with the E 11 S energies predicted from the Bachilo et al. model. 11 Small differences are present between the theoretical and fitted values due to a combination of the error in the calibration and its drift over the time of the experiment as well as the errors in the fitting procedure due to the presence of an underlying silicon substrate feature at 200-450 cm −1 and the finite linewidth of the peaks. Previous Raman spectroscopic studies 12 suggest that, for nanotubes in the diameter region of 1.2-1.6 nm, Raman excitation at 488 and 515 nm will resonantly excite predominantly semiconducting tubes that have resonances with the E 33 S transition energies. The predicted E 11 S energies agree well with the absorbance spectra shown in Fig. 3 . Our results demonstrate that there is a dramatically different effect on the properties of the nanotubes when doping with boron and nitrogen compared with nitrogen alone. Figure 2 shows that there is very little change in the diameter distribution produced by nitrogen doping whereas with increasing boron and nitrogen doping of the anode there is a rapid change in Raman intensity toward peaks corresponding to nanotubes with smaller diameters. Deviations in the Raman shifts for the individual component lines between the undoped and BN-doped samples are smaller than 1.6 cm −1 , i.e., below the spectrometer calibration and peak fitting errors. There is therefore no appreciable change in the diameters of any of the individual species present, which might have led to changes in the resonance conditions. This agrees with the results of McGuire et al. who reported Raman spectra of boron-doped nanotubes. 13 Instead changes in the RBM spectra must result from changes in the relative abundance of the different nanotube species. It is also possible that the incorporation of dopants may alter the band gap independently of diameter and hence affect the resonant coupling with the incident laser photons, a possibility which is further discussed in the following section.
We now discuss the band gaps of the semiconducting nanotubes as deduced from the background-corrected absorbance spectra shown in Fig. 3 . These show the E 11 S and E 22 S modes with centers at 0.71 and 1.25 eV, respectively, for the undoped nanotubes. These are a superposition of the electronic transitions between the first and second van Hove singularities in the density of states for the individual semicon-
HRTEM images of ͑a͒ BN-doped sample 2 and ͑b͒ BN-doped sample 3. These images show both isolated nanotubes and small bundles with nanotube diameters 1.1-1.5 nm. They demonstrate that the doping of the anode during arc-discharge synthesis has not significantly diminished the tubular structure.
ducting nanotubes. As the absorption process is nonresonant, the spectra should represent an unbiased average over the full distribution of semiconducting nanotube diameters, but should relate to the RBM spectra which are also predicted to be mainly from semiconducting tubes. For the undoped sample the E 11
S and E 22 S values correspond to a mean diameter of ϳ1.4 nm consistent with the values deduced from the RBM modes. As BN doping in the anode is increased the average E 11 S mode energy increases, which we also attribute to changes in the populations of the various species, in favor of smaller-diameter nanotubes, e.g., for sample 3 E 11 S = 0.78 eV which implies a mean diameter of ϳ1.3 nm. The E 22 S mode contains two distinct contributions at ϳ1.2 and ϳ1.3 eV which follow a similar trend. As doping is increased the relative intensity of the lower-energy feature, corresponding to larger diameter nanotubes, decreases relative to the feature at 1.3 eV, until in sample 3 the feature is not present. This development occurs in tandem with a further increase in absorption on the higher-energy side.
The changes to the E 11 S and E 22 S modes correspond well with the evolution of the individual species in Fig. 2 . We conclude that these are not due to doping or other modifications to the electronic structure caused by the exchange of electrons from the nitrogen or boron heteroatoms, since these would only suppress electron transitions for E 11 S by changing the Fermi energy; 14 however, the E 22 S absorption would be largely unaffected. 15, 16 The fact that the same behavior is observed for both E 11
S and E 22 S suggests that the effect is due to relative changes in the abundance of the species, in favor of smaller nanotubes.
FIG. 2. RBM spectra using the ͑a͒ 488 nm excitation wavelength for samples ͑i͒ undoped sample 1, ͑ii͒ N-doped sample 4, and ͑iii͒ Ndoped sample 5; ͑b͒ 488 nm excitation wavelength for samples ͑i͒ undoped sample 1, ͑ii͒ BNdoped sample 2, and ͑iii͒ BN-doped sample 3; ͑c͒ 515 nm excitation wavelength for samples ͑i͒ undoped sample 1, ͑ii͒ BN-doped sample 2, and ͑iii͒ BN-doped sample 3. Peak fitting was performed using a Lorentzian line shape and a linear background. Calculated from the undoped sample using d = 224/ ͑ RBM −14͒ with an a CuC = 0.144 nm ͑Ref. 10͒.
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IV. DISCUSSION
Nitrogen incorporation in multiwalled carbon nanotubes ͑MWNTs͒ is routinely reported above 10 at. %, 17, 18 whereas only a few percent has ever been reported for boron-doped MWNTs. 19 This is supported by the fact that for our samples nitrogen was nominally measured at 1 at. % while no sp 2 -type bonded boron was detected. Molecular dynamics simulations have shown that it is favorable for boron to remain at the growth edge of a zigzag nanotube or one bond from the edge in the case of armchair nanotubes. 20, 21 Therefore for zigzag nanotubes, boron would be expected to concentrate at the growth edge, where it can have a strong influence on the growth processes. These simulations predicted that boron acts to reduce the number of dangling bonds at the growth edge, preventing tip closure and mediating the growth of longer zigzag nanotubes. Furthermore Blase et al. found no boron heteroatoms in the body of their nanotubes, within their detection limit of ϳ1 at. %; however, boron was found at the tips of their nanotubes, as would be predicted by the simulations. 20 We identify the chiral indices of the tubes present from the resonant excitations predicted by a Kataura plot for the E 33 S band gaps. The parameters for an accurate description of E 33 S have not yet been fully established so the plots we present here have been based on fitting the expressions used by Strano et al. which take account of the effects of chirality 22 ͑trigonal warping͒ to deduce the shifts in the band gap energies from the simple armchair ͑n , n͒ case. The values for the fitting parameters for E 33 S were derived from the preliminary data reported by Lebedkin et al. for photoluminescence ͑PL͒ excitation maps 23 while the fitting parameters for the E 22 S and E 11 M were derived from the resonant Raman spectra of both Strano et al. 22 and Telg et al. 24 Details of the parameters used are available in the supplementary information. 25 The Kataura model is replotted in terms of expected Raman shift in Fig. 4 , with a magnification of the E 33 S band in the region of interest. It shows two branches labeled A and B which are close to resonance with the 488 and 515 nm laser wavelengths, respectively. These shallow q = + 1 branches both correspond to semiconducting nanotubes with a nearly constant resonant excitation, where n − m =3p + q and p is an integer and q = ± 1. Recent reports have shown that the phonon-photon interaction for semiconducting nanotubes is chirality dependent. 26 In particular the cross section for the RBM is dependent on the sign of q and which band gap is close to the excitation energy. Doorn et al. 27 measured high RBM intensities from q = −1 species when excited close to their E 22 S band gap, suggesting that for E 33 S the q = + 1 species will have higher RBM intensities, corresponding to the dominant features shown in Fig. 2 .
The end species on branches A and B have predicted Raman shifts of 208 and 190 cm −1 , which are in good agreement with the frequencies observed in Fig. 2 of 209 and 191 cm −1 for excitation wavelengths of 488 and 515 nm, respectively. However, due to the finite linewidths of the peaks the penultimate species in each branch, which have predicted RBM frequencies only 1 -3 cm −1 different from the assigned nanotubes, are also possible candidates. The other assignments in Table II are unlikely to overlap with other species as few candidates exist within their respective resonance windows. No assignment of the lowest frequencies in the Raman spectra is made because of the presence of the E 33 S q =−1 branch and also the proximity of the E 44 S band ͑not shown͒. Small changes in the parameters used in the model would lead us to assign different species in the q = −1 branch. The experimental values in Table II agree well with the predicted branches A and B which show that as one moves out from the root of either branch toward the tip the chiral angle reduces until the final species in branch B is a zigzag nanotube ͑16,0͒ and in branch A it is a ͑14,1͒. These two nanotubes give dominant signals in the Raman spectra of the highest BN-doped sample. This assignment supports previous proposals that the presence of boron during synthesis preferentially mediates the growth of zigzag or near-zigzag species, to the exclusion of the other chiralities. It should be noted that a lower chiral angle also corresponds to a smaller diameter for branches A and B, and so a diameter-dependent mediated growth cannot be ruled out as an explanation of our experimental results; however, no curvature dependence was predicted in the growth simulations as the calculated energies were found to be similar for tubules and planar sheets of graphene, although the simulations did not include the interaction between boron and the metal catalysts at the growth edge.
V. CONCLUSIONS
Many recent developments in the manufacturing of doped nanostructures have been reported and nitrogen-and borondoped nanotubes represent just some of many candidates. Although boron is more difficult than nitrogen to include in the lattice structure we have shown that it has a strong effect on the growth of nanotubes. This may allow for longer nanotubes to be grown between electrodes in device manufacturing. Finally a narrowing of the diameter distribution, in favor of smaller-diameter zigzag or near-zigzag nanotubes, has been measured by Raman spectroscopy. Optimizing this process will lead to a natural counterpart to recently developed armchair-rich materials 28 so that chirality-dependent studies can more easily be made. Improved control of the chiral angle of bulk nanotube material may have applications for future photoluminescence and Raman experiments where deconvolved features are needed.
